Introduction
============

Based on an analysis of data from the World Health Organization, breast cancer is the most common type of cancer and affects \~2.1 million women each year ([@b1-ol-0-0-11763]). In 2018, it is estimated that \~634,000 women worldwide died of breast cancer, accounting for \~15% of all cancer-associated deaths among women ([@b1-ol-0-0-11763]). While early-stage breast cancer has been treated with relatively high success rates, advanced stage breast cancer remains a challenging disease to manage due to limitations of currently available therapies ([@b2-ol-0-0-11763]). To decrease the number of deaths, the development of new potent anticancer drugs is necessary. However, most chemotherapeutics used to treat cancer show cytotoxicity to both normal cells and cancer cells ([@b3-ol-0-0-11763]). Therefore, new drugs are required with reduced cytotoxicity towards normal cells and increased selectivity for cancer cells ([@b3-ol-0-0-11763]).

There has been a growing interest in recent years in the study of the anti-cancer activity of mesoionic compounds ([@b4-ol-0-0-11763]), which contain a five-carbon heterocyclic aromatic ring possessing a possessing sextet configuration of electrons ([@b5-ol-0-0-11763]). The heterocyclic ring is associated with a positive charge with a counterbalancing negative charge covalently located on an attached atom ([@b5-ol-0-0-11763]). This characteristic of a mesoionic structure having distinct separation of positive and negative charges configured on a heterocyclic ring structure, suggests the capability of mesoionic compounds to interact with biological polymers such as carbohydrates, lipids, nucleic acids, and proteins ([@b6-ol-0-0-11763]). While mesoionic compounds have internal positive and negative charges, their overall neutral charge allows them to cross the cell membranes.

The potential use of these compounds as cancer chemotherapeutic agents has been investigated primarily in the context of melanoma ([@b7-ol-0-0-11763],[@b8-ol-0-0-11763]). Treatment of melanoma cells with a 1,3,4-thiadiazolium mesoionic compound (MI-D) resulted in significant decreases in viability and proliferation. MI-D acts as an uncoupler of oxidative phosphorylation in the mitochondria by inhibiting the electron transport chain between complex II and complex III, resulting in a collapse of the transmembrane proton gradient and stimulating ATPase activity in the mitochondria ([@b9-ol-0-0-11763]). This disruption in mitochondrial energy appears to be associated with increased membrane permeability and fluidity ([@b10-ol-0-0-11763]).

Sydnones are mesoionic compounds containing a 1,2,3-oxadiazole core with a keto group in the 5 position. A series of sydnone derivatives were synthesized by Dunkley and Thoman ([@b11-ol-0-0-11763]). In screening a panel of cancer cell lines (MCF-7, NCI-H460, and SF-268 cells), an N-(4′-F-3′-nitrophenyl) sydnone was shown to exhibit significant cytotoxic activity ([@b11-ol-0-0-11763]). The anticancer activity of another sydnone compound, Sydnone 1 (SYD-1), was tested *in vitro* ([@b12-ol-0-0-11763]) and *in vivo* in using a rat Walker-256 carcinosarcoma model ([@b13-ol-0-0-11763]). Treatment of rats with SYD-1 decreased tumor volumes and tumor weight compared with the untreated animals ([@b13-ol-0-0-11763]). Investigation of the underlying mechanism of action of SYD-1 suggested that the anticancer activity of mesoionic compounds may be associated with changes in mitochondrial metabolism and activation of apoptotic pathways resulting in tumor cell death ([@b12-ol-0-0-11763]). The results of these studies confirm the potential role of mesoionic compounds as anticancer agents in the treatment of several types of cancer.

In our previous study, a 1,3-thiazolium-5-thiolate derivative of a mesoionic compound, MIH 2.4Bl was synthesized ([@b14-ol-0-0-11763]), and its potential selective anti-cancer properties were assessed using a panel of breast cancer cell lines and cells derived from normal human breast lineage. Treatment with MIH 2.4Bl inhibited growth of most of the breast cancer cell lines tested compared with normal human mammary epithelial cells. A focus was placed on the MCF-7 cell line as it is one of the most widely used cell lines as a model for hormone-receptor-positive breast cancer both *in vitro* and *in vivo* ([@b15-ol-0-0-11763]). The MCF-7 cell line is associated with differentiated features such as hormone receptor expression patterns typical of mammary epithelial cells ([@b16-ol-0-0-11763]), and its characterization also includes detailed transcriptome analysis ([@b17-ol-0-0-11763],[@b18-ol-0-0-11763]). Additionally, the extensive body of published literature on MCF-7 cells provides contextual relevance in studying breast cancer biology and drug development ([@b15-ol-0-0-11763],[@b16-ol-0-0-11763]). Treatment of MCF-7 cells with MIH 2.4Bl resulted in alterations in cell cycle distribution with an increased proportion of cells in the G2/M phase compared with untreated cells. MCF-7 cells treated with MIH 2.4Bl also showed morphological changes consistent with apoptotic cell death, a finding confirmed by the results of a TUNEL assay.

The present study was designed to investigate further how the mesoionic compound MI 2.4Bl induced cell death in MCF-7 cells and explore possible underlying mechanisms of action. One such mechanism associated with mesoionic compounds is its effects on mitochondrial function ([@b19-ol-0-0-11763]), an organelle that has been functionally targeted in cancer treatment ([@b20-ol-0-0-11763]). Importantly, cells have a mechanism to protect against dysfunctional mitochondria, which can be deleterious to normal function. This mechanism, known as autophagy, involves the selective segregation and subsequent degradation of defective mitochondria before the onset of programmed cell death ([@b21-ol-0-0-11763]). In cancer, the autophagic process can be both pro- and anti-apoptotic, dependent on external stimuli and alterations in the microenvironment. Based on these considerations, the aim of the present study was to assess the cytotoxic effects of MIH 2.4 Bl on the mitochondria in MCF-7 cells, to understand the effects of the compound on autophagic cell death and to identify the genes involved in the process of cell death and proliferation following treatment.

Materials and methods
=====================

### Synthesis of MIH 2.4Bl

All reagents and solvents for the synthesis of MIH 2.4Bl were purchased from Sigma-Aldrich; Merck KGaA, and used without further purification. The method for synthesis of the free base mesoionic compound MIH 2.4Bl \[chemical formula, 2-(4-chlorophenyl)-3-methyl 4-(4-methylphenyl)-1,3-thiazolium-5-thiolate\], has been previously described ([@b22-ol-0-0-11763]). The chemical identity of the product was confirmed as previously described ([@b22-ol-0-0-11763]) by Fourier-transform infrared spectroscopy using an IFS 66 instrument (Bruker Corp.) and nuclear magnetic resonance spectroscopy using an Avance Ultrashield NMR spectrophotometer (Bruker Corporation) at 300 MHz for ^1^H and 75 MHz for ^13^C.

### Cell line and culture of cells

MCF-7 cells were obtained from American Type Culture Collection (ATCC) and maintained in DMEM (Genesee Scientific) supplemented with 10% FBS (Gemini Bio-Products), 1% non-essential amino acids (Gemini Bio-Products), and 1% antibiotic/antimycotic solution (Gemini Bio-Products) containing 100 IU/ml penicillin, 100 µg/ml streptomycin and 25 µg/ml amphotericin B. Primary human mammary epithelial cells (HMECs) were obtained from ATCC, and cultured in Mammary Epithelial Cell Basal Medium (ATCC) supplemented with a Mammary Epithelial Cell Growth kit (ATCC) containing 5 µg/ml hH-insulin, 6 mM L-glutamine, 0.5 µM epinephrine, 5 µg/ml apo-transferrin, 5 ng/ml rH-TGF-α, 0.4% ExtractP and 100 ng/ml hydrocortisone hemisuccinate. MCF-10A cells were obtained from ATCC and cultured in DMEM/Ham\'s F12 media supplemented with 5% Equine Serum (Gemini Bio-Products), 20 ng/ml epidermal growth factor (Sigma-Aldrich; Merck KGaA), 10 µg/ml insulin (Sigma-Aldrich; Merck KGaA), 0.5 mg/ml hydrocortisone (Sigma-Aldrich; Merck KGaA), 100 ng/ml cholera toxin (Sigma-Aldrich; Merck KGaA) and 1% antibiotic/antimycotic solution. All cells were maintained in 5% CO~2~ at 37°C in a humidified incubator.

### Cytotoxicity assay

For the evaluation of cytotoxicity, a crystal violet assay was used as described previously ([@b23-ol-0-0-11763]). The crystal violet assay uses a non-specific dye whose staining pattern is directly proportional to the number of viable adherent cells. A total of 5×10^3^ cells were seeded and cultured for 24 h in 96-well tissue culture plates. Subsequently, the cells were treated with eight different concentrations of MIH 2.4Bl: 150 µM and seven serial dilutions (resulting in 75, 37.5, 18.8, 9.4, 4.7, 2.3, and 1.2 µM, respectively). As a positive control, cells were treated with 1.34 µM doxorubicin, a concentration representing \~x10 the reported IC~50~ in MCF-7 cells ([@b24-ol-0-0-11763]--[@b26-ol-0-0-11763]). Cells were treated with vehicle (DMSO) alone at 0.1% (v/v) in media as a negative control. The cells were treated at each concentration using eight replicate wells for 72 h. At each time point, the media was removed, and the wells were washed twice with Dulbecco\'s PBS (Gemini Bio-Products). Subsequently, the plates were gently inverted on filter paper to remove any remaining liquid and dried at room temperature. The dried cells were fixed with 20% methanol for 30 min at room temperature and stained with 0.5% w/v crystal violet solution for 5 min at room temperature. The plates were washed of excess crystal violet with deionized water, and the washed plates were air-dried. Subsequently, the crystal violet stained cells were solubilized with 200 µl of 95% ethanol/40 mM HCl for 30 min at room temperature. The optical density (OD) of each well was measured at 595 nm using a SpectraMax 190 absorbance microplate reader (Molecular Devices, LLC).

### Oxygen consumption rate (OCR) measurements

OCR measurements were performed using a Seahorse XF96 Extracellular Flux Analyzer (Seahorse Bioscience). MCF-7 cells were initially seeded at a density of 5×10^3^ cells per well into Seahorse 96-well microplates for 24 h. Subsequently, the cells were treated for 24 h with MIH 2.4Bl using the eight aforementioned concentrations, and the same positive and negative controls were used as described above. After treatment, the cell media was changed to unbuffered DMEM containing 20 mM carnosine and 2.0 mM sodium pyruvate. The MCF-7 cells were maintained at 37°C under normal atmospheric conditions. After baseline measurements, OCR was measured following the addition of 1 µM oligomycin, then 1 µM FCCP, and finally 1 µM rotenone/5 µM antimycin A to each well. After baseline measurements, the ATP-linked OCR was determined as the measurements after inhibition of ATP synthase by oligomycin. FCCP (an uncoupler of mitochondrial oxidative phosphorylation) was added to determine maximal respiration. The maximal respiration was normalized by subtracting the measurement of the non-mitochondrial respiration, which was identified by addition of rotenone/antimycin A. The basal respiration was subtracted from the maximal respiration to obtain the reserve respiratory capacity. OCR data was reported in units of picomoles per minute and was generated using the Wave Desktop and Controller Software (version 2.6.1; Seahorse Bioscience).

### Western blot analysis

MCF-7 cells were seeded in 60 mm tissue culture dishes at a density of 3×10^6^ cells/dish for 24 h. Subsequently, the cells were treated for 48 or 72 h with 75 µM MIH 2.4Bl. The MCF-7 cells were also treated with vehicle (DMSO) alone at 0.1% (v/v) in media as a negative control. After each treatment time point, the cells were harvested by scraping into ice-cold RIPA buffer (composed of 50 mM Tris, pH 8.0, 150 mM NaCl, 1%NP-40, 0.5% deoxycholate, and 0.1% sodium dodecyl sulfate,) containing a cocktail of protease inhibitors (Pierce Protease Inhibitor Tablets; Thermo Fisher Scientific, Inc.). Total protein concentrations of the cell lysates were determined using a Bradford protein assay (Bio-Rad Laboratories, Inc.). Normalized protein samples (20 µg each) were denatured at 95°C using Laemmli sample buffer (Bio-Rad Laboratories, Inc.), separated by electrophoresis on 4--20% gradient polyacrylamide mini gels (Bio-Rad Laboratories, Inc.) and transferred using a Trans-Blot Turbo transfer apparatus (Bio-Rad Laboratories, Inc.) to PVDF membranes. The membranes were subsequently incubated at room temperature for 1 h in blocking buffer of TBS (composed of 50 mM Tris-Cl, pH 7.5 and 150 mM NaCl), containing 0.01% Tween-20 (TBS-T) and 5% non-fat milk (w/v). Subsequently, the membranes were washed three times using TBS-T for 5 min each. The membranes were incubated overnight with gentle agitation at 4°C in 5 ml blocking buffer containing mouse monoclonal anti-Beclin-1 (cat. no. 2A4 MA5-15825; 1:500; Invitrogen; Thermo Fisher Scientific, Inc.), rabbit polyclonal anti-ATG5 (cat. no. PA5-35201; 1:1,000; Invitrogen; Thermo Fisher Scientific, Inc.), rabbit polyclonal anti-LC3 II/I (cat. no. PA5-46286; 1:1,000; Invitrogen; Thermo Fisher Scientific, Inc.) or mouse monoclonal anti-GAPDH antibody (cat. no. GA1R, MA5-15738; 1:1,000; Invitrogen; Thermo Fisher Scientific, Inc.). The membranes were washed five times with TBS-T for 5 min each, and subsequently incubated with a goat polyclonal horseradish peroxidase-conjugated secondary anti-rabbit antibody (IgG; cat. no. A28177, 1:10,000; Invitrogen; Thermo Fisher Scientific, Inc.) or goat polyclonal anti-mouse antibody (IgG; cat. no. A28177; 1:10,000; Invitrogen; Thermo Fisher Scientific, Inc.) for 30 min at room temperature. Bands associated with specific proteins were detected using the SuperSignal West PICO plus chemiluminescent substrate (Thermo Fisher Scientific, Inc.) and analyzed using a ChemiDoc imaging system (Bio-Rad Laboratories, Inc.). Densitometry analysis was performed using Quantity One software (version 4.6.6; Bio-Rad Laboratories, Inc.).

### Total RNA isolation

MCF-7 cells were cultured in 6-well tissue culture plates at a density of 1×10^6^ cells per well and incubated for 24 h. Subsequently, the cells were treated for 24 h with 75 µM MIH 2.4Bl. As a control, cells were treated with vehicle (DMSO) alone at 0.1% (v/v) in media. A Zymo Research Direct-Zol RNA Purification kit (Zymo Research Corp.) was used to extract and purify total RNA from each sample well for subsequent analysis. The quantity and integrity of the RNA samples were assessed using an Agilent Tape Station RNA Assay (Agilent Technologies, Inc.).

### Microarray analysis

Total RNA samples were reverse transcribed using an Affymetrix 3′IVT Express kit (Affymetrix; Thermo Fisher Scientific, Inc.) with T7-Oligo(dT) primer, which contains a T7 RNA polymerase promoter. Then, second-strand cDNA synthesis was performed and was followed by antisense RNA (aRNA) amplification of the cDNA templates prepared using biotinylated nucleotide analogs according to the manufacturer\'s protocol. Biotin-labeled aRNA was fragmented by incubating the samples for 35 min at 94°C in reaction buffer (40 mM Tris-acetate, pH 8.1, 100 mM potassium acetate and 30 mM magnesium acetate). Subsequently, 15 µg of the fragmented aRNA was hybridized at 45°C for 16 h to a Human Genome U133 Plus 2.0 Array (Affymetrix; Thermo Fisher Scientific, Inc.) in a GeneChip Hybridization Oven 645 (Thermo Fisher Scientific, Inc.). After the hybridization was complete, the gene chips were automatically washed and stained for expression detection with streptavidin-phycoerythrin in a GeneChip Fluidics Station 450 (Thermo Fisher Scientific, Inc.) using the FS450_0004 protocol. Finally, the probe arrays were scanned and processed using a GeneChip Scanner 3000 7G (Thermo Fisher Scientific, Inc.). Transcriptome Analysis Console version 4.0.2 (Thermo Fisher Scientific, Inc.) was used to analyze the fold-change of each gene based on the relative differences between signal intensities. Only genes with a fold-change ≥2.0 were considered differentially expressed genes (DEGs).

The Database for Annotation, Visualization and Integrated Discovery (DAVID; [david.abcc.ncifcrf.gov/](david.abcc.ncifcrf.gov/)) and analytics tools ([@b27-ol-0-0-11763],[@b28-ol-0-0-11763]) was used to map the DEGs to relevant pathway networks in the Gene Ontology (GO; [geneontology.org/](geneontology.org/)) and Kyoto Encyclopedia of Genes and Genomes (KEGG; [genome.jp/kegg/pathway.html/](genome.jp/kegg/pathway.html/)) databases ([@b29-ol-0-0-11763]--[@b31-ol-0-0-11763]). The P-values were calculated by DAVID using the Benjamini-Hochberg method ([@b32-ol-0-0-11763]) to control the False Discovery Rate, P\<0.05 was considered to indicate a statistically significant difference. The top ontologies in the GO subsets (molecular functions, biological processes, and cellular components), as well as the top KEGG pathways, were selected based on a hierarchy of the P-values calculated.

### Reverse transcription-quantitative (RT-q)PCR

Expression levels of select genes identified as up or downregulated following MIH 2.4Bl treatment compared with vehicle (control) cells based on the microarray analysis were quantified by RT-qPCR. A panel of four upregulated genes \[activating transcription factor 3 (ATF3), acidic repeat-containing protein (ACRC), heparin-binding EGF-like growth factor (HBEGF), regulator of G-protein signaling 2 (RGS2)\] and two downregulated genes \[Dickkopf WNT signaling pathway inhibitor 1 (DKK1) and adhesion molecule with Ig like domain 2 (AMIGO2)\] was used and compared to the expression of GAPDH as a control. A Verso 1-step RT-qPCR kit (Thermo Fisher Scientific) was used to synthesize the first-strand cDNA and perform quantitative PCR in a single step assay according to the manufacturer\'s protocol. An Applied Biosystems 7300 Real-Time PCR system (Thermo Fisher Scientific, Inc.) was used to detect the transcripts using PrimePCR primers and FAM-labeled probe mixtures (Bio-Rad Laboratories, Inc.). The sequences of the primers and probes are not disclosed by the manufacturer; however, target sequence information is presented in [Table I](#tI-ol-0-0-11763){ref-type="table"}. The thermocycling conditions for the qPCR reactions were: 15 min at 50°C for the cDNA synthesis; initial denaturation at 95°C for 5 min; followed by 40 cycles of 95°C for 15 sec and 60°C for 60 sec. The comparative quantification cycle (Cq) method was used to quantify the relative changes in gene expression ([@b33-ol-0-0-11763]).

### Statistical analysis

The cell viability data were calculated from the mean OD readings obtained for each concentration of the MIH 2.4Bl mesoionic compound assayed normalized to the mean OD readings of the negative control and mean blank values, and is expressed as the mean percentage ± the standard error of the mean. The dose-response curves were plotted and analyzed to calculate the IC~50~ values using a four parameters logistic (4PL) model for curve fitting, in which a variable slope was employed that allowed non-linear fitting of the equation. The IC~50~ values (concentrations that reduced cell viability to 50% compared with the negative control) were determined using nonlinear regression analysis in the GraphPad Prism version 7.0 (GraphPad Software, Inc.) and standard error of the mean was calculated from the cell viability data. The mean percent inhibition values were plotted against the MIH 2.4Bl concentrations allowing for the generation of a sigmoidal dose-response curve using the following equation: Y=100/\[1+10\^((LogIC~50~-X) × HillSlope))\]. The IC~50~ values were obtained by the interpolation of curve-fit data from each curve using the GraphPad Prism.

Replicates of eight OCR measurements are expressed as the mean ± the standard error of the mean. Data from RT-qPCR analysis were calculated from three replicates. For the comparison between data, a Student\'s t-test was used. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effect of MIH 2.4Bl on cellular cytotoxicity

To determine the cytotoxic effects of MIH 2.4Bl on the MCF-7 cells, a crystal violet assay was used, based on the simplicity of the assay and its suitability for examining the effects of chemotherapeutics on cell survival and growth inhibition ([@b23-ol-0-0-11763]). The dose-response curve presented in [Fig. 1](#f1-ol-0-0-11763){ref-type="fig"} indicates that MIH 2.4Bl decreased MCF-7 cell viability after 72 h treatment. Based on the curve fitting, the IC~50~ for MIH 2.4Bl was 45.9±1.0 µM. MCF-10A (a spontaneously immortalized non-tumorigenic cell line derived from benign proliferative breast tissue) required a significantly higher concentration of MIH 2.4 Bl required for inhibition of cell viability, with an IC~50~ of 123.8±1.0 µM. Primary HMEC only exhibited slight inhibitory activity following MIH 2.4Bl treatment, with an IC~50~ of 917±19 µM ([Fig. 1](#f1-ol-0-0-11763){ref-type="fig"}). These results demonstrate the potential cancer specificity of cytotoxic inhibition on MCF-7 cells mediated by MIH 2.4Bl.

### Effect of MIH 2.4Bl on the induction of autophagy

To determine the significance of autophagy in the treatment of MCF-7 cells with MIH 2.4Bl, the expression of Beclin-1 and ATG5 were assessed due to their role in autophagy. As shown in [Fig. 2A](#f2-ol-0-0-11763){ref-type="fig"}, western blotting analysis showed that Beclin-1 and ATG5 expression were increased following treatment with MIH 2.4Bl. Microtubule-associated protein 1A/1B light chain 3B (LC3B) is a specific autophagy marker widely utilized for measuring the autophagy level in cells and tissues. As shown in [Fig. 2A](#f2-ol-0-0-11763){ref-type="fig"}, both LC3B-I and LC3B-II were present as 18 and 16 kDa bands, respectively. LC3B-I is the cytosolic precursor form of LC3B-II, whereas LC3B-II is an active form conjugated with phosphatidylethanolamine and is membrane-bound. A widely accepted indicator of the number of autophagosomes is an increase in the LC3B-II to LC3B-I ratio ([@b34-ol-0-0-11763]). As shown in [Fig. 2B](#f2-ol-0-0-11763){ref-type="fig"}, there was a significant increase in the LC3B-II to LC3B-I ratio in MCF-7 cells treated for 72 h with MIH 2.4Bl. Although the LC3B levels increased in control cells between 48 and 72 h, there was no increase in the ratio of LC3B-II to LC3B-I. These results suggest that induction of autophagy is a potential mechanism of cell death mediated by MIH 2.4Bl.

### Effect of MIH 2.4Bl on mitochondrial OCR

Tumor cells are highly dependent on glycolytic metabolism since this bioenergetic pathway produces energy and metabolites capable of supporting the tumor\'s high growth and proliferation rates relatively quickly ([@b35-ol-0-0-11763]). Thus, measuring changes in mitochondrial OCR is a reliable approach for evaluating cellular energy metabolism ([@b36-ol-0-0-11763]). Therefore, the mitochondrial OCR was measured in MCF-7 cells following treatment with increasing concentrations of MIH 2.4 from 4.7--75.0 µM for 24 h. Untreated MCF-7 cells were used as the negative control, and doxorubicin treated MCF-7 cells (at a concentration of 1.5 µM) were used as the positive control. The initial mitochondrial OCR was measured using a Seahorse XF96 analyzer and after sequential addition of oligomycin, FCCP, and a rotenone/antimycin A combination ([Fig. 3A](#f3-ol-0-0-11763){ref-type="fig"}). These additions allowed for the determination of the following mitochondrial parameters: Basal respiration, maximal respiration, ATP production, proton leak, reserve respiratory capacity, and non-mitochondrial respiration. As shown in [Fig. 3B](#f3-ol-0-0-11763){ref-type="fig"}, treatment of MCF-7 cells with increasing concentrations of MIH 2.4Bl resulted in a significant reduction in all the mitochondrial respiratory parameters compared with the control cells, indicative of an overall decrease in mitochondrial membrane potential. At 75.0 µM MIH 2.4Bl treatment, almost all mitochondrial respiration was abolished, leaving only residual oxygen consumption (non-mitochondrial respiration). These results highlight the potential of therapeutic targeting of mitochondrial metabolism using MIH 2.4Bl for cancer therapy.

### Analysis of DEGs in MCF-7 cells treated with MIH 2.4Bl

A DNA microarray analysis of mRNA levels in MCF-7 cells was performed following treatment with MIH 2.4Bl to determine changes in global genome-wide gene expression patterns. Microarray analysis of mRNA isolated from control and MIH 2.4Bl treated cells was performed using human Affymetrix Human Genome U133 Plus 2.0 Arrays. A scatter plot of the mean of the normalized gene expression of RNA from MIH 2.4Bl treated cells vs. RNA from control cells shows the DEGs ([Fig. 4](#f4-ol-0-0-11763){ref-type="fig"}). A total of 3,659 DEGs were detected between the two groups with a fold-change ≥2.0. Among these genes, 779 were upregulated and 2,880 were downregulated in cells treated with MIH 2.4Bl compared with the control cells ([Tables SI](#SD1-ol-0-0-11763){ref-type="supplementary-material"} and [SII](#SD1-ol-0-0-11763){ref-type="supplementary-material"}). There were 144 genes detected with a fold-change ≥5.0, including 37 upregulated genes and 107 downregulated genes. Based on the identity of the transcripts and fold-change of expression, 6 genes were selected for verification by RT-qPCR, as shown in [Table II](#tII-ol-0-0-11763){ref-type="table"}.

### RT-qPCR analysis

The differences in the expression of these 6 genes between treated and untreated cells is shown in [Fig. 5](#f5-ol-0-0-11763){ref-type="fig"}. RT-qPCR analysis showed consistent results with the results of the microarray analysis. ACRC, ATF3, HBEGF and RGS2 genes were significantly upregulated in cells treated with MIH 2.4Bl cells compared with the control cells. In contrast, expression levels of AMIGO2 and DKK1 genes were significantly downregulated in MIH 2.4Bl treated cells compared with the control cells. The RT-qPCR results confirmed the trend in changes of gene expression identified using microarray analysis, although the fold-differences detected were different between the two analyses.

To gain further insight into the pattern of gene expression changes following MIH 2.4Bl treatment, GO ontology analysis and KEGG pathway analysis were performed using DAVID. Of the 3,659 DEGs identified from the microarray analysis, 2,643 genes were analyzed further using DAVID; 290 were unable to be mapped with HUGO Gene Nomenclature Committee gene symbols, and 726 were duplicate genes that were ignored in favor of lower adjusted P-values. As shown in [Fig. 6](#f6-ol-0-0-11763){ref-type="fig"}, the biological processes of the DEGs were primarily enriched DNA-template transcription as well as positive and negative regulation of transcription. The cellular components of the DEGs were primarily enriched in cytoplasm, nucleoplasm, and nucleus components. The molecular functions of the DEGs were identified to be primarily enriched in protein binding. The results of KEGG analysis showed 12 pathways were significantly enriched by the DEGs ([Table III](#tIII-ol-0-0-11763){ref-type="table"}). Of these pathways, three involved mechanisms regulating cell signaling (hsa04068, hsa04550, and hsa04350), and two involved pathways regulating cancer (hsa05202 and hsa05211). The most significant pathway mediating FoxO signaling (hsa04068) serves a role in regulating a wide variety of cellular processes, including cell cycle, apoptosis, regulation of autophagy, and oxidative stress resistance.

Discussion
==========

Despite the existence of a considerable number of drugs for the treatment of cancer, in several cases, therapeutic success is not achieved due to treatment failures, resulting in high relapse rates, poor patient survival, or adverse effects. These outcomes necessitate a continuous search for novel more efficacious treatments with reduced side effects ([@b37-ol-0-0-11763]). Investigators have focused on studying the potential uses of mesoionic compounds due to of their unique structure and reaction properties, which make their biological activities particularly amenable to pharmaceutical use ([@b38-ol-0-0-11763],[@b39-ol-0-0-11763]). The synthesis of a new mesoionic compound, MIH 2.4Bl has been described in our previous study ([@b4-ol-0-0-11763]), and the selective cytotoxicity against the MCF-7 breast cancer cells was demonstrated in the present study.

A critical step in pharmaceutical development is to identify the direct targets of potential drug candidates ([@b40-ol-0-0-11763]). Mitochondria function as energy producers of energy in the form of ATP and as a result, have received attention as a potential target for novel cancer therapies ([@b20-ol-0-0-11763]). During physiological cell function, mitochondria produce ATP via oxidative phosphorylation, which constitutes the primary mechanism underlying the accumulation of (ROS. Due to the rapid proliferation rate of cancer cells, mitochondrial function in ROS production and oxidative stress serves a definitive role in carcinogenesis ([@b41-ol-0-0-11763]). Importantly, the dramatic reduction of mitochondrial respiration we observed in MCF-7 cells treated with MIH 2.4Bl in the present study may be associated with mitochondrial dysfunction resulting in ROS accumulation ([@b42-ol-0-0-11763]).

Autophagy is a fundamental mechanism of cellular homeostasis, initiated to protect cells by promoting turnover of organelles and proteins ([@b43-ol-0-0-11763]). Autophagy is also associated with the induction of programmed cell death ([@b44-ol-0-0-11763]), and also contributes to functions as a tumor suppressor by degrading damaged mitochondria that would otherwise contribute to ROS accumulation ([@b45-ol-0-0-11763]). In the present study, it was demonstrated that the mesoionic compound MIH2.4 Bl induced the expression of two autophagy-related proteins (Beclin-1 and ATG5), which serve an important role in the autophagic process ([@b46-ol-0-0-11763]) in response to stress caused by mitochondrial dysfunction. During the formation of autophagosomes, ATG5 is required for the conversion of LC3B-I to LC3B-II, a participant in autophagosome membrane expansion and fusion ([@b47-ol-0-0-11763]). Beclin 1 has been identified as a mammalian protein associated with autophagy and involved in cancer processes such as tumor suppression and cell death ([@b48-ol-0-0-11763]). Cheng *et al* ([@b49-ol-0-0-11763]) identified the role of autophagy in MCF-7 cells treated with Icariin (a flavonoid isolated from plants) by measuring the expression levels of ATG5, Beclin 1 and LC3-I to LC3-II proteins. Liang *et al* ([@b50-ol-0-0-11763]) demonstrated that exogenous Beclin 1 expression in MCF-7 cells resulted in decreased cell division and inhibition of tumorigenesis in a mouse model. Given the results of the present study, MIH2.4Bl may have also induced autophagy in MCF-7 cells.

The results of mitochondrial respiration suggest a possible induction of cellular cytotoxicity by mitochondrial dysfunction induced by MIH 2.4Bl treatment. In support of these results, studies using the mesoionic compound SYD-1 in isolated rat liver mitochondria showed a functional decrease in electron transport and oxidative phosphorylation efficiency ([@b19-ol-0-0-11763]). Another mesoionic compound, MI-D, was also shown to act as an uncoupler of the respiratory chain between complexes II and III ([@b9-ol-0-0-11763]). Mechanistic studies demonstrated that alteration of membrane fluidity and elasticity were associated with the disruption of mitochondrial function by mesoionic compounds ([@b10-ol-0-0-11763]). Interestingly, altered mitochondrial metabolism has been suggested as an approach to overcome the resistance to apoptotic cell death observed in cancer cells ([@b51-ol-0-0-11763]).

Four genes that were shown to be highly upregulated and two genes that were highly downregulated based on the microarray data were selected for verification by RT-qPCR. Of the genes selected, ACRC (also known as germ cell nuclear acidic peptidase), is localized in the nucleus and serves a role in chromatin structure ([@b52-ol-0-0-11763]). ATF3 is a member of the mammalian ATF/CREB family of transcription factors that modulate TGFβ signaling in breast cancer ([@b53-ol-0-0-11763]). HBEGF is synthesized as a membrane-anchored glycoprotein that serves a role as a growth factor in breast cancer metastasis ([@b54-ol-0-0-11763]). RGS2 is a member of a family of genes that act as GTPase activating proteins for G proteins and may have an inhibitory effect in breast cancer ([@b55-ol-0-0-11763]). AMIGO2 is a member of a family of cell surface transmembrane proteins that function in cell adhesion and serves a survival role in cancer growth ([@b56-ol-0-0-11763]). DKK1 is a member of the Dickkopf family of proteins that are characterized by two cysteine-rich domains functioning to interact with the LRP6 co-receptor resulting in disruption of Wnt signaling ([@b57-ol-0-0-11763]). DKK1 has been suggested to have differential effects on lung and bone metastasis in breast cancer ([@b58-ol-0-0-11763]).

In conclusion, it was demonstrated that the mesoionic compound MIH 2.4Bl exhibits cytotoxic activity against MCF-7 breast cancer cells and reduced cell growth. Analysis of the functional effects of MIH 2.4Bl support a mechanism of action mediated by the induction of mitochondrial dysfunction and autophagy. Additional studies are required for elucidation of the specific mechanistic pathways involved in regulating autophagy. In particular, further studies are necessary to understand the specific role of different genes and pathways regulated by MIH 2,4Bl. Nonetheless, these studies confirm the potential therapeutic use of MIH 2.4Bl for treatment of breast cancer.
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![Effect of MIH 2.4Bl on the viability of MCF-7 breast cancer cells. (A) The chemical structure of the mesoionic compound MIH 2.4Bl. (B) Relative cell viability of MCF-7 cells (circles) was determined using a crystal violet assay after 72 h of treatment with increasing concentrations of MIH 2.4Bl. The relative cell viability of HMEC (triangles) and MCF-10A cells (squares) was also determined. Each data point represents the mean ± the standard error of the mean of eight replicates. The IC~50~ values were calculated based on data from the best fit data of the Hill slope curve using a nonlinear regression analysis. HMEC, human mammary epithelial cells.](ol-20-03-2291-g00){#f1-ol-0-0-11763}

![Effect of MIH 2.4Bl on the induction of autophagy in MCF-7 cells. (A) Expression of Beclin-1, ATG5, LC3B II/I and GAPDH were determined by western blot analysis in control or MIH 2.4Bl treated cells after 48 or 72 h of culture. (B) Densitometry analysis of Beclin-1, ATG5, LC3B II and LC3B I expression was performed and normalized to GAPDH. Data are presented as histograms of normalized Beclin-1 and ATG5 intensity values, and the intensity ratios of LC3B-II to LC3B-I. LC3B, microtubule-associated protein 1A/1B light chain 3B. C, control cells; M, MIH 2.4Bl treated cells.](ol-20-03-2291-g01){#f2-ol-0-0-11763}

![Dose-dependent effects of MIH 2.4Bl on the OCR of MCF-7 cells. (A) Representative schematic of OCR using specific inhibitors to assess mitochondrial function. After four initial measurements to acquire the baseline OCR, sequential injections of oligomycin, FCCP, and a rotenone/antimycin A mixture were performed with four OCR measurements obtained after each injection. Shown in the OCR profile are calculations of basal respiration, maximal respiration, ATP production, proton leak, reserve respiratory capacity and non-mitochondrial respiration. (B) OCR profiles were determined in MCF-7 cells after treatment for 24 h with 4.7, 9.4, 18.8, 37.7 or 75.4 µM MIH 2.4Bl. Treatment with 1.5 µM doxorubicin for 24 h was used as a positive control for maximum cytotoxic effect. Each data point represents the mean ± the standard error of the mean of eight replicates. OCR, oxygen consumption rate.](ol-20-03-2291-g02){#f3-ol-0-0-11763}

![Microarray expression summary. Data are expressed as a scatter plot showing the ≥2-fold upregulated and downregulated genes (light grey and dark grey dots, respectively) in MCF-7 cells treated with MIH 2.4Bl compared with control cells. Genes with \<2-fold change are shown as black dots.](ol-20-03-2291-g03){#f4-ol-0-0-11763}

![Effect of MIH 2.4Bl on the mRNA expression levels of six differentially expressed genes in MCF-7 cells. Relative expression levels of ACRC, HBEGF, ATF3, RGS2, DKK1 and AMIGO2 were determined in control and MIH 2.4Bl treated cells. Data were calculated as ^ΔΔCq^ values based on Cq expression levels in MIH 2.4Bl treated cells compared with control cells, and normalized to GAPDH expression. Each data point represents the mean ± the standard error of the mean of three replicates. \*P\<0.05. ACRC, acidic repeat-containing protein; HBEGF, heparin-binding EGF-like growth factor; ATF3, activating transcription factor 3; RGS2, Regulator of G-protein signaling 2; DKK1, Dickkopf WNT signaling pathway inhibitor 1; AMIGO2, adhesion molecule with Ig like domain 2.](ol-20-03-2291-g04){#f5-ol-0-0-11763}

![GO enrichment analysis of differentially expressed genes in MCF-7 cells treated with MIH 2.4Bl compared with the control cells. The y-axis represents the top ten significantly enriched GO terms in each category defined by biological process, molecular function, and cellular component. The x-axis data is presented in terms of the negative log (base 10) of the Benjamini-Hochberg adjusted P-values of each pathway. GO, gene ontology.](ol-20-03-2291-g05){#f6-ol-0-0-11763}

###### 

Target sequence identity of selected genes used in reverse transcription-quantitative PCR analysis.

  Gene name                                    Gene symbol   Amplicon length   Unique assay ID
  -------------------------------------------- ------------- ----------------- -----------------
  Activating transcription factor 3            ATF3          76                qHsaCEP0053273
  Acidic repeat-containing protein             ACRC          149               qHsaCIP0029745
  Adhesion molecule with Ig like domain 2      AMIGO2        96                qHsaCEP0052159
  Dickkopf WNT signaling pathway inhibitor 1   DKK1          96                qHsaCEP0050470
  Gyceraldehyde-3-phosphate dehydrogenase      GAPDH         117               qHsaCEP0041396
  Heparin-binding EGF-like growth factor       HBEGF         117               qHsaCEP0050730
  Regulator of G-protein signaling 2, 24 kDa   RGS2          112               qHsaCEP0024158

###### 

Identity of selected genes differentially regulated by MIH 2.4Bl treatment.

  Probe Set ID   Fold-change   Gene symbol   Description                                  Transcript ID
  -------------- ------------- ------------- -------------------------------------------- ---------------
  238825_at      10.2          ACRC          Acidic repeat containing                     Hs.135167.0
  202672_s\_at   7.5           ATF3          Activating transcription factor 3            g4502262
  203821_at      9.8           HBEGF         Heparin-binding EGF-like growth factor       g4503412
  202388_at      8.1           RGS2          Regulator of G-protein signaling 2           g4506516
  222108_at      −18.3         AMIGO2        Adhesion molecule with Ig-like domain 2      Hs.121520.0
  204602_at      −14.0         DKK1          Dickkopf WNT signaling pathway inhibitor 1   g7110718

###### 

KEGG pathways with significant enrichment of differentially expressed genes in MCF-7 cells treated with MIH 2.4Bl.

  Pathway name                                               KEGG       P-value   Hit   Total genes   Percent
  ---------------------------------------------------------- ---------- --------- ----- ------------- ---------
  FoxO signaling pathway                                     hsa04068   0.0037    35    134           26.1
  Signaling pathways regulating pluripotency of stem cells   hsa04550   0.0121    34    140           24.3
  Adherens junction                                          hsa04520   0.0161    21      71          29.6
  RNA degradation                                            hsa03018   0.0138    22      77          28.6
  TGF-β signaling pathway                                    hsa04350   0.0149    23      84          27.4
  Ubiquitin mediated proteolysis                             hsa04120   0.0143    32    137           23.4
  Protein processing in endoplasmic reticulum                hsa04141   0.0147    37    169           21.9
  Insulin resistance                                         hsa04931   0.0279    26    108           24.1
  Lysine degradation                                         hsa00310   0.0257    16      52          30.8
  Transcriptional misregulation in cancer                    hsa05202   0.0341    35    167           21.0
  Endocytosis                                                hsa04144   0.0376    46    241           19.1
  Renal cell carcinoma                                       hsa05211   0.0361    18    66            27.3

Benjamini-Hochberg adjusted P\<0.05 was used for statistical significance. FoxO, Forkhead Box O; KEGG, Kyoto Encyclopedia of Genes and Genomes; TGF, transforming growth factor.
